The ground-breaking image of a black hole's event horizon, which captured the public's attention and imagination in April 2019, was captured using the power of interferometry: many separate telescopes working together to observe the cosmos in incredible detail. Many recent astrophysical discoveries that have revolutionized the scientific community's understanding of the cosmos were made by interferometers such as LIGO, ALMA, and the Event Horizon Telescope. Astro 101 instructors who want their students to learn the science behind these discoveries must teach about interferometry. Decades of research show that using active learning strategies can significantly increase students' learning and reduces achievement gaps between different demographic groups over what is achieved from traditional lecture-based instruction. 1 As part of an effort to create active learning materials on interferometry, we developed and tested a new Lecture-Tutorial to help Astro 101 students learn about key properties of astronomical interferometers. This paper describes this new Lecture-Tutorial and presents evidence for its effectiveness from a study conducted with 266 Astro 101 students at the University of North Carolina at Chapel Hill.
to address resolution and LCP allows students to engage in the type of quantitative reasoning that is often an explicit learning objective of introductory-level, general education science courses. The "Properties of Astronomical Interferometers" Lecture-Tutorial helps students understand how resolution depends on the observed wavelength and the interferometer's baseline and how LCP depends on the number of telescopes and the average surface area of each telescope.
Overview of the "Properties of Astronomical Interferometers" Lecture-Tutorial
At the beginning of the Lecture-Tutorial, students are shown a graph on which the vertical axis corresponds to LCP and the horizontal axis corresponds to the number of telescopes in an interferometer. Three points are shown on the graph. Each point represents a different interferometer. This graph is shown in Figure 1 . In this figure, two interferometers are intentionally chosen to have the same LCP while two are chosen to have the same number of telescopes. This explicitly makes students consider the effect that size and number of telescopes each have on total LCP, both independently and together. Students must use this graph to rank the interferometers based on their LCPs and to determine which of the interferometers has the smallest telescopes.
[ Figure 1 about here.] Figure 2 shows the next graph that students must interpret. Once again, each dot represents a different interferometer. The vertical axis now corresponds to the observed wavelength and the horizontal axis corresponds to the baseline. Notice that two interferometers operate at the same wavelength while two have the same baseline. This gives students the opportunity to reason about how the observed wavelength and baseline affect an interferometer's resolution. Students must rank the interferometers based on the value for the resolution and then determine which interferometer could produce images with the smallest details.
[ Figure 2 about here.]
We found that we had to be especially careful with the language we used to describe resolution. When calculating the resolution, one must divide the observed wavelength by the interferometer's baseline. The smaller the resulting number, the more fine details the interferometer can detect. This is opposite to how resolution is used in a non-scientific usage (e.g. HDTV). Students think that a large (or high) calculated value for resolution is required to see fine details. In order to be precise with our language, the Lecture-Tutorial always refers to the resolution as a number or value and in our lecture preceding the Lecture-Tutorial we emphasize that this number must be small if you want to detect fine details.
The Lecture-Tutorial then presents students with four images of the same galaxy ( Figure 3 ). Students are told that each image was made by a different interferometer. Students then have to determine which images were made by interferometers with small resolution values and which were made by interferometers with large resolution values. Students also have to determine which images were made by interferometers with a large LCP and which were made by interferometers with a small LCP.
[ Figure 3 about here.] Two images clearly show smaller details while two images show dimmer features. Note that the brightest part of the galaxy (represented in white) has the same brightness in all four images. This is not a mistake. In radio astronomy, increasing the LCP does not make the observed object appear brighter. This is because the astronomical signal is often extremely weak and almost everything that is detected is noise. Increasing the LCP helps decrease the noise and therefore increase the signal-to-noise ratio, allowing us to detect dimmer objects and features, such as the dimmer, grey arms that appear in two of the images of the galaxy. This is one way in which radio astronomy is different from optical astronomy, where increasing the LCP will make the observed object appear brighter.
[ Figure 4 about here.]
Next, students are shown four different interferometers ( Figure 4 ). The interferometers differ in the number of telescopes, the size of each telescope, the baseline, and the wavelength at which they are observing. Students must evaluate the range of variables presented by these interferometers in order to rank the interferometers based on their LCP. Next, students rank the interferometers based on their resolution. Students are then asked to match each interferometer with the image of the galaxy (from Figure 3 [ Figure 5 about here.] Figure 5 shows the final task students must complete. They are given representations of four different interferometers, all of which are observing the same wavelength of light, and must assign each interferometer to one of four teams of astronomers. Each team wants to observe a different object and the resolution and LCP requirements for that object are given. This task requires students to use everything they have learned about resolution and LCP in order to evaluate which interferometer should be assigned to which team.
Assessing the Lecture-Tutorial's effectiveness
We developed a ten-item multiple-choice test to assess students' understandings of the concepts addressed by the new Lecture-Tutorial. We administered the test to students taking Astro 101 during fall 2016 and spring 2017 at the University of North Carolina at Chapel Hill. The test was administered twice each semester: before students received any instruction on interferometry and after they received a lecture, with Think-Pair-Share voting questions, and completed the Lecture-Tutorial. Students recorded their answers on multiple-choice bubble forms. We removed from our analysis all forms in which the responses indicated that the assessment was not taken seriously (e.g. entirely blank or repeated answers and other obviously recognizable patterns). We then removed all responses from students who took only the pre-test or post-test. This left us with a data set of 121 matched pre-and post-test responses for fall 2016 and 145 for the spring 2017.
[ Table 1 about here.] Table 1 shows the item difficulty (percentage correct) for each item, pre-and post-instruction, for both semesters. It also shows the discrimination of each item, which is a measure of the correlation between students' scores on that item and their total score on the test. We are only showing the discriminations for the post-instruction scores; the discrimination values for the pre-test were all very low, which is to be expected since many students may be guessing the answers to each item. There are several things to notice about the data in this table. First, students' pre-test performance varied widely from item to item. On some items, only 8% of students selected the correct answer, while on others 60% were correct. There were also three items (4, 8, and 10) on which students from the fall 2016 class outperformed students from the spring 2017 on the pretest. We do not completely understand why the two semesters performed differently on these three items. Since the post-test results were similar on these items, more students in Fall 2016 may have been better prepared for these items by instruction or experience prior to the course.
Any differences between the two classes disappeared by the time they took the post-test. Overall, students did quite well. The percentage correct on each item ranged from 63% to 89%. This suggests that many students had increased their understandings of the content addressed by the Lecture-Tutorial by the time they took the post-test. We will address this point in more detail below.
The post-test item difficulties and discriminations shown in Table 1 all fall within conventionally accepted limits, with the sole exception of the discrimination for item 10 for the fall 2016. 4 We are not sure why this discrimination value was so low. However, every other calculated difficulty and discrimination value suggests that the items were functioning properly.
We also use each semester's post-test data to calculate Cronbach's α. 5 Cronbach's α, a measure of reliability or internal consistency of a set of data, compares the variance of test scores as a whole to the variance of individual items on the test so that it is high (approaching 1) when covariances among items are high. When applied to test scores, α essentially tells us how likely we would be to get similar results if we gave the same test to different, but representative, populations. Our average α between the two semesters is 0.675, which is just below the usual mark for acceptability (0.7). 6 We argue that our α is still acceptable because the value of α is sensitive to test length and could be lowered by this shorter test. Furthermore, it is shortsighted to treat an arbitrary cutoff value in a continuous variable as an absolute requirement since other factors like meaningful content coverage and validity are arguably as, or more, important for assessing learning. 7 Having established that the test appears to be reliable and that the items appear to be functioning properly, we now present additional evidence that students' understandings significantly increased pre-to post-test. Figures 6 and 7 show the distribution of students' scores pre-and post-instruction, respectively. The mean, median, and mode of the post-instruction distribution are all substantially larger than they are for the pre-instruction distribution, regardless of semester.
[ Figure 6 about here.] [ Figure 7 about here.]
We also calculated Hake's normalized learning gain <g> as well as Marx and Cumming's normalized change c. 8 For the fall 2016, <g> = 0.71 and c = 0.64. For the spring 2017, <g> = 0.71 and c = 0.69. These values are all quite high -in fact, both values of <g> fall within the "high-<g>" region defined by Hake. The values of the normalized learning gain and normalized change, along with the distribution of scores in Figures 6 and 7 and the item difficulties in Table 1 , all strongly imply that the new Lecture-Tutorial, plus the associated interactive lecture on interferometry that we developed, can be used as part of an Astro 101 class to significantly improve students' understandings of resolution and LCP in the context of astronomical interferometers.
Conclusions
We have developed a new Lecture-Tutorial, called "Properties of Astronomical Interferometers." This Lecture-Tutorial helps students understand how resolution depends on the observed wavelength and the interferometer's baseline and how LCP depends the number of telescopes and the average surface area of each telescope's mirror/dish. To test the efficacy of this Lecture-Tutorial, we developed a ten-item multiple choice test, which we administered pre-and post-instruction to Astro 101 students in two different semesters. An analysis of multiple classical test theory statistics (item difficulty, item discrimination, and Cronbach's α) revealed that the test is reliable and the items are functioning properly. Students show dramatic improvements on the test, pre-to post-instruction. We conclude that the new Lecture-Tutorial can be an effective addition to an Astro 101 class to improve students' understanding of how astronomers use interferometry in their study of the universe.
Availability of the Lecture-Tutorial
A copy of the Lecture-Tutorial, as well as the accompanying lecture slides and Think-Pair-Share questions, can be found at the website for the Center for Astronomy Education: LINK. For the fall 2016, the distribution's mean is 3.1, the median is 3.0,  and the mode is 3.0. For the spring 2017, the distribution's mean is 2.3, the median  is 2.0, and the mode is 2.0.   Figure 7 . The distribution of total post-test scores for both the fall 2016 and spring 2017 semesters. For the fall 2016, the distribution's mean is 7.7, the median is 9.0, and the mode is 10.0. For the spring 2017, the distribution's mean is 7.8, the median is 8.0, and the mode is 9.0. 
